Platinum complexes are a cornerstone of the treatment of various cancers. Their side effects, however, like nephrotoxicity and ototoxicity, have led to the investigation of alternative metal-based anticancer drugs such as palladium complexes, which show promising activities. New cis-palladium complexes with general formulas [PdL 2 Cl 2 ] and [PdL 2 Cl 4 ] and ligand 3-methyl-8-thia-1,3-diaza-spiro[4.5]decane-2,4-dione have been synthesized. The structures of the complexes were elucidated by elemental analyses and spectroscopic techniques as well as theoretical methods. Quantum chemical calculations confirm the square planar geometry of Pd(II) and a distorted octahedral coordination of Pd(IV) complexes. The in vitro cytotoxicity-assay results against K-562 and REH cell lines are also reported.
Introduction
Platinum compounds, particularly cisplatin ([cis-PtCl 2 (NH 3 ) 2 ]), are at the core of the metal-based compounds used in cancer therapy. 1 The complexes are principally indicated for the treatment of cervical, ovarian, testicular, head and neck, breast, bladder, stomach, prostate and lung cancers. Their anticancer activities are also extended to Hodgkin's and non-Hodgkin's lymphomas, neuroblastoma, sarcoma, melanoma and multiple myeloma. 2 On this basis, alternative platinum compounds were derived. Carboplatin, oxaliplatin, satraplatin, ormaplatin, aroplatin, enloplatin, zeniplatin, sebriplatin, miboplatin, picoplatin, satraplatin and iproplatin are all products of the extensive research of platinum complexes. 3 While it is virtually impossible to deny the success of platinum drugs in chemotherapy, it is important to also note their limitations, such as drug resistance, poor water solubility, limited spectrum of activity, and worsening side effects. 4 To surmount these challenges, efforts have been made to critically consider and examine other metal-based complexes with cytotoxic properties, such as ruthenium, gold, gallium, iron complexes, etc. Since palladium(II) displays similar chemical features to Pt(II), the coordination chemistry of its compounds are similar to Pt(II) compounds. [5] [6] In the past few years, a large number of palladium complexes have been designed and synthesized which have shown comparable or better antitumor activity than Pt(II) complexes against various types of tumors. Although many Pd(II) complexes with tumor-treatment possibilities were illustrated, rapid hydrolysis and less stability raised concerns. As palladium(II) complexes exchange ligands 10 4 -10 5 times faster than analogous Pt(II) compounds, and thus dissociate readily in solution forming very reactive species, they often do not reach their pharmacological targets. Mononuclear palladium complexes with aromatic N-containing ligands, aminoacid ligands, S-donor ligands, and P-containing ligands have their respective properties and qualities due to the different structures and properties of the ligands. 8 This paper presents the synthesis, chemical investigation and theoretical calculations of 3-methyl-8-thia-1,3-diaza-spiro [4.5] decane-2,4-dione and its palladium complexes. The cytotoxic activity of the compounds includes the preliminary screening in vitro against two human-tumor cell lines using the standard MTT-dyereduction assay for cell viability.
Results and Discussion
Syntheses of 3-Methyl-8-thia-1,3-diaza-spiro [4.5] decane-2,4-dione (2) and the new palladium (Pd) complexes cis-bis(3-methyl-8-thia-1,3-diaza-spiro [4.5] Comparative analysis of the infrared spectra of the metal-free ligand 2 and the complexes 3 and 4 revealed that the absorption bands characteristic for the stretching vibrations of C-S bonds were shifted from 617 cm -1 of the ligand to 597 and 584 cm -1 of the complexes, respectively, which were very close to the theoretical shifts from 616 cm -1 of the ligand to 591 and 584 cm -1 , respectively. The shifting of the frequencies characteristic for C-S bonds of 20 and 33 cm -1 in the complexes shows that the sulfur atom is coordinated with the palladium ion. A good correlation between theoretical calculations and experimental results was observed.
In the 1 H NMR spectra of the Pd(II) and Pd(IV) complexes with 3-methyl-8-thia-1,3-diaza-spiro [4.5] decane-2,4-dione, the signal of the N-H proton was not influenced. The protons of N-CH 3 in the Pd complexes were also not shifted in comparison with the metal-free ligand. The S-CH 2 and C-CH 2 protons are shifted 0.08 -0.13 ppm for Pd-complex 3 and 0.13-0.21 ppm for Pd-complex 4. This confirms the bonding of sulfur with the palladium ion. The six-membered ring orientation is fixed because the sulfur is bonded with the palladium ion; therefore, the axial and equatorial hydrogen atoms are easily discerned in the 1 H NMR spectra.
Geometries of the ligand and its complexes were analyzed by theoretical calculations using densityfunctional theory (DFT) studies, due to the difficulties to obtain crystals suitable for X-ray analysis. The LANL2DZ effective-core potential was used for palladium and the atomic 6-311++G(g,p) basis set for all nonmetal atoms. DFT calculations were performed using the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional. Theoretical methodology was applied to evaluate the structural characteristics and spectroscopic properties of the synthesized compounds. The geometries of the ligand and palladium complexes are shown in Figures 1-3 . Selected geometry parameters are summarized in Table 1 . The complexes involve a two-molecules of ligand which form complexes via the S-atom of the tetrahydrothiopyrane moiety. The location of the ligands around the metal ions leads to formation of squareplanar geometry of the Pd(II) complex and distorted octahedral-coordination environment of Pd(IV).
Upon complexation, the C-S bond lengths for the ligand are elongated by 0.07 and 0.08 Å in the Pd complexes. This confirms that the coordination is through the sulfur atom. The Pd-S bond distance in the PdL 2 Cl 2 complex is slightly shorter than that in the PdL 2 Cl 4 complex by 0.04 Å according to the calculations. The Pd-S bond lengths are similar to those found in the literature for other optimized Pd complexes. [9] [10] The Pd-Cl bond lengths are slightly shorter in Pd(II) than in Pd(IV). One of the valence angles of Pd-S-C is increased by 6.9 o in the Pd(IV) complex while another one is decreased by 5 o . The present study describes a comparative evaluation of the cytotoxic effects of two newly synthesized Pd(II) and Pd(IV) complexes with 3-methyl-8-thia-1,3-diaza-spiro [4.5] decane-2,4-dione vs. the metal-free ligand, and reference antineoplastic agent, cisplatin, on two human-tumor cell lines, K-562 and REH, using the standard MTT-dye-reduction assay for cell viability. The compounds exerted cytotoxic effects after 72 h continuous exposure. The IC 50 values are summarized in Table 2 . The ligand has some cytotoxic effect in the REH cell line. The tested compounds displayed cytotoxic effects in a concentration-dependent manner. As a result, the ligand and the newly-synthesized palladium complexes were found to be less active than the reference, cisplatin. These findings are in line with our previous reports on the in vitro biological performance of related platinum and palladium species of a different series. 11, 12 The complexes 3 and 4 are typical "rulebreaking" compounds, i.e., they do not retain the antitumor properties of the classical platinum therapeutic compounds. complexes was confirmed by theoretical calculations using density-functional theory because of the difficulties to prepare crystals suitable for X-ray analysis. The mode of the coordination of the ligand to the metal ion in the complexes is realized through the sulfur atom from the six-membered ring. The complexes were tested for antiproliferative activity in vitro on two leukemic cell lines -K-562 and REH.
Experimental Section
General. All the chemicals used were of analytical grade. The starting hydantoin is available by means of Bucherer-Berg reaction from (NH 4 ) 2 CO 3 , NaCN and tetrahydro-4Н-thiopyran-4-one (Aldrich). 13 Potassium tetrachloropalladate(II) was purchased from Merck, Germany, and potassium hexachloropalladate(II) from Aldrich, USA. The microchemical analyses (C, H, N) of the compounds were carried out with a EuroEA 3000 -Single, EuroVectorSpA. Infrared spectra were recorded on a Thermo Scientific Nicolet iS10 spectrophotometer in the range of 4000-400 cm -1 using Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). The 1 H and 13 C NMR spectra were recorded in DMSO-d 6 on Bruker DRX 250 (250 MHz) and Bruker WM 500 (500MHz) spectrometers. Corrected melting points were determined using a Buchi 535 apparatus. An aqueous ethanol solution of (2) some modifications. 18 Exponentially-growing cells were seeded in 96-well microplates (100 μL/well at a density of 3.5 x 10 5 cells/mL for the adherent, and 1 x 10 5 cells/mL for the suspension cell lines), and allowed to grow for 24 h prior to exposure to the studied compounds. Stock solutions of the organic compound and its palladium complexes were freshly dissolved in DMSO, and then promptly diluted in RMPI-1640 growth medium immediately before treatment of the cells. Our prior experience with water-insoluble metal complexes, including cisplatin, has indicated that the dose-response curves following dissolution in water or stock solution in DMSO (which is then promptly diluted in aqueous phase) overlap, and there is no significant modulation of the individual cell lines chemosensitivity. At the final dilutions, the solvent concentration never exceeded 0.5%. Cells were exposed to the tested agents for 72 h. A set of 8 separate wells were used for each concentration. Every test was run in triplicate, i.e., in three separate microplates. After incubation with the tested compounds, MTT-solution (10 mg/mL in PBS) aliquots were added to each well. The plates were further incubated for 4 h at 37 o C and the formazan crystals formed were dissolved by adding 110 μL of 5% HCOOH in 2-propanol. Absorption of the samples was measured by an ELISA reader (UniscanTitertec) at 580 nm. Survival fraction was calculated as a percentage of the untreated control. The experimental data were processed using GraphPad Prizm software and fitted to a sigmoidal concentration/response. The IC 50 values were calculated using non-linear regression analysis.
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S (200): C, 48.00; H, 6.00; N, 14.00. Found: C, 48.49; H, 5.54; N, 14.28.
